Quadratic optical parametric processes form the foundation for a variety of applications related to classical and quantum frequency conversion, which have attracted significant interest recently in onchip implementation. These processes rely on phase matching among the interacting guided modes, and refractive index engineering has been a primary approach for this purpose. Unfortunately, the modal phase matching approaches developed so far only produce parametric generation with fairly low efficiencies, due to the intrinsic modal mismatch of spatial symmetries. Here we propose a universal design and operation principle for highly efficient optical parametric generation on integrated photonic platforms. By introducing spatial symmetry breaking into the optical nonlinearity of the device, we are able to dramatically enhance the nonlinear parametric interaction to realize an extremely high efficiency. We employ this approach to design and fabricate a heterogeneous titanium oxide/lithium niobate nanophotonic waveguide that is able to offer second-harmonic generation with a theoretical conversion efficiency as high as 2900% W −1 cm −2 , which enables us to experimentally achieve a conversion efficiency of 36.0% W −1 in a waveguide only 2.35 mm long, corresponding to a recorded normalized efficiency of 650% W −1 cm −2 that is significantly beyond the reach of conventional modal phase matching approaches. Unlike nonlinearity domain engineering that is material selective, the proposed operation principle can be flexibly applied to any other on-chip quadratic nonlinear platform to support ultra-highly efficient optical parametric interactions, thus opening up a great avenue towards extreme nonlinear and quantum optics with great potentials for broad applications in energy efficient nonlinear and quantum photonic signal processing.
Quadratic optical parametric processes form the foundation for a variety of applications related to classical and quantum frequency conversion, which have attracted significant interest recently in onchip implementation. These processes rely on phase matching among the interacting guided modes, and refractive index engineering has been a primary approach for this purpose. Unfortunately, the modal phase matching approaches developed so far only produce parametric generation with fairly low efficiencies, due to the intrinsic modal mismatch of spatial symmetries. Here we propose a universal design and operation principle for highly efficient optical parametric generation on integrated photonic platforms. By introducing spatial symmetry breaking into the optical nonlinearity of the device, we are able to dramatically enhance the nonlinear parametric interaction to realize an extremely high efficiency. We employ this approach to design and fabricate a heterogeneous titanium oxide/lithium niobate nanophotonic waveguide that is able to offer second-harmonic generation with a theoretical conversion efficiency as high as 2900% W −1 cm −2 , which enables us to experimentally achieve a conversion efficiency of 36.0% W −1 in a waveguide only 2.35 mm long, corresponding to a recorded normalized efficiency of 650% W −1 cm −2 that is significantly beyond the reach of conventional modal phase matching approaches. Unlike nonlinearity domain engineering that is material selective, the proposed operation principle can be flexibly applied to any other on-chip quadratic nonlinear platform to support ultra-highly efficient optical parametric interactions, thus opening up a great avenue towards extreme nonlinear and quantum optics with great potentials for broad applications in energy efficient nonlinear and quantum photonic signal processing.
Quadratic optical parametric processes via a χ (2) nonlinearity have attracted long-lasting interest ever since the first observation of second-harmonic generation (SHG) [1, 2] . Their intriguing capability of creating new light through elastic photon-photon scattering forms a crucial foundation for a wide variety of applications ranging from photonic signal processing [3, 4] , tunable coherent radiation [5] , frequency metrology [6] , optical microscopy [7] , to quantum information processing [8] . Recently, tremendous interest has been attracted to developing optical parametric processes on various chipscale platforms , which show great promise to significantly enhance the nonlinear effects by tight confinement of optical fields.
The efficiency of an optical parametric process relies essentially on phase matching among the interacting waves to sustain coherent nonlinear interaction. To date, phase matching is dominantly realized via either domain engineering of nonlinear susceptibility [31] [32] [33] or refractiveindex engineering of interacting optical modes [31] . Domain engineering is an efficient approach to achieve quasiphase matching, which, however, is fairly material limited. For example, periodic poling [32] [33] [34] [35] [36] [37] [38] [39] [40] and orientation patterned growth [31, [41] [42] [43] are currently implemented only to ferroelectrics and III-V semiconductors, respectively. Domain engineering also has stringent requirement on the domain uniformity [32] [33] [34] , which im- * Electronic mail: qiang.lin@rochester.edu poses a challenge for applications that require small domain periods [28] [29] [30] 33] or clean parametric noise background [40] . On the other hand, modal index engineering is able to achieve exact phase matching [31] , which can be flexibly implemented particularly to an on-chip platform that supports rich guided mode species [9, 10, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Unfortunately, modal phase matching suffers from significant mode field mismatch among the interacting optical modes, which seriously degrades the nonlinear conversion efficiency [9, 10, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
Here we propose a universal design and operation principle of semi-nonlinear waveguides for highly efficient optical parametric generation on integrated photonic platforms. The proposed heterogeneous nanophotonic waveguides consist of a nonlinear medium exciting parametric processes and a linear medium assisting exact phase matching, which are able to combine elegantly a large nonlinearity, a strong optical confinement, and a good spatial mode match together in a single device, resulting in dramatically enhanced nonlinear parametric generation with an extremely high efficiency. To demonstrate our proposed principle, we employ a nanophotonic waveguide composed of a highly nonlinear χ (2) (2) nonlinearity. b, Optical field (Ez) profiles of two phase-matched modes, TE00 at the fundamental wavelength λ and TE01 at the half wavelength λ/2. c, Ez as a function of the vertical position x, at the center of the waveguide, with the orange shaded area indicating the χ (2) material. d, Schematic of a semi-nonlinear waveguide composed of two core materials, with both sharing the same linear refractive index n(λ), while only the bottom layer has a non-vanished χ (2) nonlinearity. e,f, counterparts of b and c, respectively, for the semi-nonlinear waveguide.
of 650% W −1 cm −2 . The proposed operation principle can be flexibly applied to any other on-chip quadratic nonlinear platform to support ultra-highly efficient optical parametric interactions, thus opening up a great avenue towards extreme nonlinear and quantum optics with great potentials for broad applications in energy efficient nonlinear and quantum photonic signal processing.
I. Concept illustration
In a quadratic nonlinear waveguide, it is well-known that the phase velocities can be exactly matched among different guided modes to support coherent nonlinear interaction [9, 10, 13, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . When the phase matching condition is satisfied, the efficiency of SHG is given by the following expression (for a lossless waveguide without pump depletion) [1] 
where P 1 and P 2 are the powers of the input fundamentalfrequency (FF) mode and the produced second-harmonic (SH) mode, respectively. L is the waveguide length, d eff represents the effective nonlinear susceptibility, λ is the fundamental pump wavelength, and n 1 and n 2 are the effective refractive indices of the FF and SH modes, respectively. 0 and c are the permittivity and light speed, respectively, in vacuum. In Eq. (1),
is the effective mode area where
, and ζ represents the spatial mode overlap factor between the FF and SH modes, given as
where χ (2) and all denote two-dimensional integrations over the χ (2) material and all space, respectively. E 1 (x, z) and E 2 (x, z) are the electric fields of the FF and SH modes, respectively, and E 1z and E 2z are their z-components. Here we have assumed a type-0 process where the FF and SH modes are both quasi-transverseelectric (quasi-TE) modes with electric fields dominantly lying in the device plane (for example, see Fig. 1a,b) .
Equation (1) shows that the efficiency of SHG depends essentially on the nonlinear susceptibility, the effective mode area, and the spatial mode overlap. In particular, Eq. (2) shows that the spatial mode overlap relies critically on the relative spatial symmetry between the FF and SH modes. Unfortunately, for a nonlinear waveguide, different-order guided modes generally exhibit very distinctive spatial symmetries, leading to a dramatically degraded spatial mode overlap. To illustrate this problem, we consider a nominal monolithic nanophotonic rib waveguide shown in Fig. 1a , where the core material exhibits a quadratic nonlinearity. An appropriate waveguide geometry will lead to exact phase matching between a fundamental TE 00 mode at a wavelength λ and a highorder mode (TE 01 in our example) at the half wavelength λ/2. However, as shown in Fig. 1b ,c, the electric field (E z ) of the SH mode changes its polarity across the waveguide core while that of the FF mode maintains a single polarity. As a result, the nonlinear parametric interaction in the upper half of the waveguide is out of phase with that in the lower half, and therefore they cancel with each other, leading to a very small net nonlinear effect. It is exactly this modal mismatch of spatial symmetries that undermines severely the nonlinear conversion efficiency in the majority of current nonlinear photonic chips , although they have shown the advantage of strong mode confinement, i.e. small mode areas. Consequently, a device has to rely on a long interaction length (or a high optical Q in the case of a resonator) to sustain the nonlinear process [19] .
To tackle this challenge, we propose semi-nonlinear waveguides which leverage the fact that modal phase matching depends only on the linear properties of the waveguide independent of its nonlinearity. Therefore, by breaking the spatial symmetry of the waveguide nonlinearity, we shall be able to significantly enhance the strength of the nonlinear interaction. Figure 1d shows the schematic of a semi-nonlinear waveguide, which exhibits the same geometry as the monolithic waveguide shown in Fig. 1a , while the top part of the core is replaced by a linear material with the same refractive index, and a vanished χ (2) . Since its linear refractive index profile is the same as that of the monolithic waveguide, the seminonlinear waveguide will support an exactly same pair of phase-matched TE 00 mode at the FF and TE 01 mode at the SH, with mode profiles identical to those of the monolithic waveguide (see Fig. 1b,e) . The thickness of the linear layer is chosen such that, for the SH mode TE 01 with two opposite polarities, E z ≈ 0 at the boundary between the two core materials, resulting in a single polarity inside each of the linear and nonlinear layers. As the top linear layer does not participate in the nonlinear interaction, the parametric process only has contribution from the bottom nonlinear layer, which will not be canceled, resulting in a remarkably enhanced net nonlinear effect [which manifests as a large value of ζ in Eq. (2)]. The discussion above, for simplicity, has assumed an identical refractive index between the linear and nonlinear layers. In practice, the operation principle can be applied to two core materials with dissimilar refractive indices, since the semi-nonlinear waveguide offers plenty of degrees of freedom for engineering.
II. Waveguide design
To demonstrate the proposed principle, we design a semi-nonlinear waveguide that consists of a singlecrystalline LN thin-film layer as the nonlinear medium and an amorphous TiO 2 layer as the linear component. LN exhibits a large χ (2) nonlinearity and a wide transparency window from ultraviolet to mid-infrared, and is an ideal medium for nonlinear parametric generation [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [32] [33] [34] [35] [36] [37] [38] [39] [40] . TiO 2 is chosen as the linear material for a few reasons. First, TiO 2 deposited by physical vapor deposition is in an amorphous phase where the inversion symmetry leads to a vanished χ (2) . Second, our characterization shows that an amorphous TiO 2 thin film has a relatively large refractive index of 2.137 at 1550 nm and 2.186 at 775 nm, making it suitable for strong optical confinement and flexible dispersion engineering. Third, TiO 2 also has a large bandgap and has been demonstrated for high-quality waveguides at telecom and visible wavelengths [44] [45] [46] , enabling it to be a low-loss core material that guides both FF and SH light.
The designed TiO 2 /LN semi-nonlinear nanophotonic waveguide is schematically shown in Fig. 2a . X-cut LN is employed for its large second-order nonlinearity in the device plane, ideal for efficient type-0 processes involving quasi-TE modes. Numerical simulations show that the TE 00 mode at 1550 nm can be phase matched to certain quasi-TE modes at 775 nm with appropriate waveguide widths (see Fig. 2b ). In particular, as shown in Fig. 2c , a waveguide width of ∼1020 nm is able to produce exact phase matching between the TE 00 mode at 1550 nm and the TE 01 at 775 nm, the latter of which exhibits an optical mode field (see Fig. 2c , insets) with two opposite polarities located separately in the linear and nonlinear core layers, a desired property we have shown in Fig. 1 .
Detailed simulation shows that our waveguide exhibits a large overlap factor of ζ=0.66, a value significantly beyond what is achievable in monolithic nanophotonic waveguides through modal phase matching [9, 10, 13, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Together with a small effective mode area of A eff = 2.24 µm 2 and a significant quadratic nonlinearity of d eff = d 33 = 27 pm/V, our device is able to exhibit a theoretical normalized conversion efficiency as large as η = 2900% W −1 cm −2 . In comparison, a conventional monolithic LN waveguide with a similar geometry (see Fig. 2d ) can only offer an efficiency of η = 43% W −1 cm −2 , directly showing the advantage of our proposed approach. Figure 2e compares evolution of the SHG efficiency as the pump light propagates in several different waveguides. It shows clearly that the η value in our semi-nonlinear waveguide is more than one order of magnitude larger than that of typical reverseproton-exchanged (RPE) periodically-poled lithium niobate (PPLN) waveguides [38] and that of monolithic LN nanophotonic waveguides [23, 26] , and almost doubles that of PPLN thin films loaded with SiN ridges [28] .
III. Linear optical properties
To confirm our simulation results, we performed device fabrication, with the LN waveguide made through a standard top-down process [24, 26] and the TiO 2 layer via a lift-off approach. Details of the fabrication procedure are discussed in Appendix. Figure 3a shows the facet of a typical fabricated waveguide, where the TiO 2 layer landed nicely on top of the etched LN rib waveguide, with a geometry close to our design (see Fig. 2c ). Figure  3b presents the top view of the waveguide, which shows a small sidewall roughness, implying a low propagation attenuation.
The device was tested with an experimental setup whose schematic is shown in Fig. 3c . To accurately characterize the waveguide propagation loss, we fabricated microring resonators, with an example shown in Fig. 3d . Figure 3e presents the laser-scanned transmission spectrum of a microring resonator with a radius of 100 µm, which shows clearly the TE 00 mode family in the telecom band with a free-spectral range of 1.59 nm. Figure 3f presents the detailed transmission spectrum of a typical resonance, which exhibits an intrinsic quality factor of 1.3×10
5 , indicating a waveguide propagation loss of 3.2 dB/cm in the telecom band [47] . For the SH mode around 775 nm, however, the current bus waveguide is very weakly coupled to the microring resonator, which makes it difficult to measure the quality factor in this waveband.
IV. Second-harmonic generation
To demonstrate efficient SHG, we employed a straight waveguide with a length of about 2.35 mm, whose transmission in the telecom band is shown in Fig. 4a for the quasi-TE polarization. From Fig. 4a , we extract a fiber-to-fiber loss of 12.5 dB. Given a propagation loss of 3.2 dB/cm, we retrieve a fiber-to-chip coupling loss of 5.9 dB/facet. By scanning the pump laser wavelength, we were able to characterize the efficiency spectrum of SHG. One example is shown in Fig. 4b , which indicates a phase-matched pump wavelength of about 1546 nm. The main lobe of the recorded efficiency spectrum agrees well with the theoretical expectation from the sinc 2 -function. The strong side lobes are likely introduced by slight non-uniformity of the waveguide (for example, potential thickness variations of the core layers).
By fixing the pump wavelength at 1546.10 nm where the peak conversion is located, we observed coherent radiation from its SH at 773.05 nm, shown as a sharp peak in Fig. 4c . The measured SH power shows a quadratic dependence on the pump power (see Fig. 4d ), which agrees very well with the theoretical expectation. Fitting the experimental data, we obtained an on-chip conversion efficiency of 36.0% W −1 (see Fig. 4d ), indicating an experimentally recorded normalized conversion efficiency of 650% W −1 cm −2 . This value is about a 4-fold increase compared with the previous record of SHG in LN in the same waveband [28, 39] .
The recorded SHG efficiency is smaller than the theoretical value given by ηL 2 (=160% W −1 ), which is mainly due to the propagation losses of the waveguide. We have measured a propagation loss of 3.2 dB/cm for the FF mode. As a rough estimate, we assume that of the SH mode to be ∼12.8 dB/cm, since the propagation loss is dominated by Rayleigh scattering from the roughness of the waveguide surface, which scales with wavelength as 1/λ 2 [48] . Consequently, the theoretical conversion efficiency is estimated to be ∼73.5% W −1 for the 2.35-mm-long waveguide, after we take into account the propagation losses. In addition, the slight waveguide nonuniformity could also impact the recorded conversion efficiency to a certain extent. As all these factors can be resolved with further optimization of the device fabrication (say, by using chemical-mechanical polishing to improve the surface smoothness and waveguide uniformity [25] ), we expect that the measured conversion efficiency can be increased considerably in the near future.
V. Conclusion and discussion
In conclusion, we have proposed and demonstrated a universal design and operation principle for quadratic parametric processes on integrated photonic platforms, which is able to achieve exact phase matching with a large nonlinearity, a small mode area, and a large mode overlap factor for extremely efficient SHG. With this principle, we designed a TiO 2 /LN semi-nonlinear waveguide that is able to offer a theoretical conversion efficiency as high as 2900% W −1 cm −2 , more than one order of magnitude higher than those achievable in RPE PPLN and monolithic on-chip LN waveguides [23, 26, 38] . The highly efficient parametric generation enabled us to record a SHG efficiency of 36% W −1 inside a waveguide only 2.35 mm long, corresponding to a normalized efficiency of 650% W −1 cm −2 . The SHG efficiency of our device is comparable with those of recently reported on-chip PPLN waveguides [28, 30] . However, our demonstrated approach is free from the complicated periodic poling process. Domain engineering has been regarded as the holy grail for quadratic nonlinear photonics [31] [32] [33] , which, however, is material selective. Our proposed approach, instead, can be universally applied to any on-chip quadratic nonlinear platforms, including for example, certain dielectrics [9, 10] , group IV [11, 12] , III-V [17, 19, 20] , and II-VI [31] semiconductor chips to which domain engineering is challenging to apply. Therefore, our proposed approach may open up a great avenue towards extreme nonlinear and quantum optics with ultra-high nonlinear conversion efficiencies that are promising for broad applications in energy efficient nonlinear and quantum photonic signal processing.
On the other hand, as shown in Fig. 1 , the proposed semi-nonlinear nanophotonic waveguide intriguingly separates the waveguide into a nonlinear part that experiences nonlinear conversion gain and a linear part that experiences only linear propagation losses, which forms a natural parity-time-symmetric system that is of great potential for non-Hermitian photonic applications [49, 50] .
